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Abstract
With the emergence of Severe Acute Respiratory Syndrome Coronavirus 2 (SAU : PleasenotethatSARS   CoV   2hasbeendefinedasSevereAcuteRespiratorySyndromeCoronavirus2insentencesWiththeemergenceofSevereAcuteRespiratorySyndromeCoronavirus2ðSARS   CoV   2Þvariants:::andBroadlyaccessibleandinexpensivesurveillancemethodsare::::Pleasecheckandcorrectifnecessary:RS-CoV-2)
variants that may increase transmissibility and/or cause escape from immune responses,
there is an urgent need for the targeted surveillance of circulating lineages. It was found that
the B.1.1.7 (also 501Y.V1) variant, first detected in the United Kingdom, could be serendipi-
tously detected by the Thermo Fisher TaqPath CAU : PleasenotethatCOVID   19hasbeendefinedasCoronavirusDisease2019insentencesItwasfoundthattheB:1:1:7:::andNext;wevalidatedourmultiplexRT   qPCRvariant::::Pleasecheckandcorrectifnecessary:OVID-19 PCR assay because a key del -
tion in these viruses, spike Δ69–70, would cause a “spike gene target failure” (SGTF) result.
However, a SGTF result is not definitive for B.1.1.7, and this assay cannot detect other vari-
ants of concern (VOC) that lack spike Δ69–70, such as B.1.351 (also 501Y.V2), detected in
PLOS BIOLOGY







Citation: Vogels CBF, Breban MI, Ott IM, Alpert T,
Petrone ME, Watkins AE, et al. (2021) Multiplex
qPCR discriminates variants of concern to enhance
global surveillance of SARS-CoV-2. PLoS Biol
19(5): e3001236. https://doi.org/10.1371/journal.
pbio.3001236
Academic Editor: Bill Sugden, University of
Wisconsin-Madison, UNITED STATES
Received: March 9, 2021
Accepted: April 16, 2021
Published: May 7, 2021
Peer Review History: PLOS recognizes the
benefits of transparency in the peer review
process; therefore, we enable the publication of
all of the content of peer review and author
responses alongside final, published articles. The
editorial history of this article is available here:
https://doi.org/10.1371/journal.pbio.3001236
Copyright: © 2021 Vogels et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.
Data Availability Statement: Genomic data are
available on GISAID (see S2 Data for accession
numbers). All RT-qPCR data are included in this
article and the supporting information.
South Africa, and P.1 (also 501Y.V3), recently detected in Brazil. We identified a deletion in
the ORF1a gene (ORF1a Δ3675–3677) in all 3 variants, which has not yet been widely
detected in other SARS-CoV-2 lineages. Using ORF1a Δ3675–3677 as the primary target
and spike Δ69–70 to differentiate, we designed and validated an open-source PCR assay to
detect SARS-CoV-2 VOC. Our assay can be rapidly deployed in laboratories around the
world to enhance surveillance for the local emergence and spread of B.1.1.7, B.1.351, and
P.1.
Introduction
Broadly accessible and inexpensive surveillance methods are needed to track Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) variants of concern (VOC) around the
world. While sequencing is the gold standard to identify circulating SARS-CoV-2 variants,
routine genomic surveillance is not available in many locations primarily due to a lack of
resources and expertise. In the current situation, with the identification of the VOC B.1.1.7,
B.1.351, and P.1 [1–3] and with the likelihood that more will emerge, a lack of genomic surveil-
lance leaves public health authorities with a patchy and skewed picture to inform decision-
making. The discovery of B.1.1.7 variants causing spike gene target failure (SGTF) results
when tested using the TaqPath PCR assay provided labs in the United Kingdom and through-
out Europe with a ready-made, simple tool for tracking the frequencies of this variant [4–7].
As B.1.1.7 spread to other countries, TaqPath SGTF results were used as a frontline screening
tool for sequencing and an approximation for B.1.1.7 population frequency [8]. These findings
highlight the usefulness of a PCR assay that produces distinctive results when targeting vari-
ants in virus genomes for both tracking and sequencing prioritization.
The TaqPath assay was not specifically designed for SARS-CoV-2 variant surveillance, and
it has several limitations. The 6-nucleotide deletion in the spike gene at amino acid positions
69 and 70 (spike Δ69–70) that causes the TaqPath SGTF is also present in other SARS-CoV-2
lineages (Fig 1, S1 Table), most notably in Pango lineages B.1.258 detected throughout Europe
and in B.1.375 detected primarily in the United States [9,10], meaning that SGTF results are
not definitive for B.1.1.7. Furthermore, too much focus on TaqPath SGTF results will leave
blind spots for other emerging SARS-CoV-2 VOC that do not have spike Δ69–70. In particu-
lar, B.1.351 and P.1, which were recently discovered in South Africa and Brazil [11,12], respec-
tively, may also be more transmissible and contain mutations that could help to evade
immune responses [11–13]. For all of these reasons, a PCR assay specifically designed for vari-
ant surveillance would help to fill in many of the gaps about their distribution and frequency.
Results
We analyzed over 400,000 SARS-CoV-2 genomes on GISAID and used custom Nextstrain
builds [14] to identify that a 9-nucleotide deletion in the ORF1a gene at amino acid positions
3675–3677 (ORF1a Δ3675–3677) occurs in the B.1.1.7, B.1.351, and P.1 variants, but is only
found in 0.03% (103/377,011) of all other genomes (Fig 1, S1 Table). Within the B.1.351 line-
age, however, 18.4% of the sequences do not have ORF1a Δ3675–3677 (S1 Table). By design-
ing a PCR assay that targets both ORF1a Δ3675–3677 and spike Δ69–70 (Fig 1A), we can
detect most viruses from all 3 current VOC (ORF1a results, Fig 1B–1E), differentiate B.1.1.7
(ORF1a and spike results, Fig 1D–1F), and provide results similar to TaqPath SGTF to com-
pare datasets (spike results).
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To create a multiplexed reverse transcription quantitative PCR (RT-qPCRAU : PleasenotethatRT   qPCRhasbeendefinedasreversetranscriptionquantitativePCRinthesentenceTocreateamultiplexedreversetranscriptionquantitativePCRðRT   qPCRÞscreeningassay::::Pleasecheckandcorrectifnecessary:) screening assay
for the B.1.1.7, B.1.351, and P.1 variants, we designed 2 sets of primers that flank each of
ORF1a Δ3675–3677 and spike Δ69–70 and probes specific to the undeleted “wild-type”
sequences. As a control, we included the CDC N1 (nucleocapsid) primer and probe set that
will detect both the wild-type and variant viruses [15]. As designed, testing SARS-CoV-2 RNA
that contains ORF1a Δ3675–3677 and/or spike Δ69–70 will generate undetected cycle thresh-
old (Ct) values with the specific PCR target sets as the probes cannot anneal to the deleted
sequences, but will have “positive” N1 Ct values. This configuration ensures that target failures
are likely due to the presence of deletions and that there is sufficient virus RNA for sequencing
confirmation. Our RT-qPCR conditions are highly similar to our previously published
SARS-CoV-2 multiplex assay [16], and a detailed protocol is openly available [17].
We evaluated the analytical sensitivity of our multiplexed RT-qPCR assay using synthetic
RNA designed based on the original Wuhan-Hu-1 sequence and a B.1.1.7 sequence (England/
205041766/2020). As the B.1.1.7 sequence contains both ORF1a Δ3675–3677 and spike Δ69–
70 and the Wuhan-Hu-1 sequence contains neither deletion, using these RNAs allows us to
Fig 1. Identification of genome targets to differentiate between B.1.1.7, B.1.351, P.1, and other SARS-CoV-2 lineages. (A) Location on the SARS-CoV-2 genome
where the targeted deletions in the ORF1a gene at amino acid positions 3675–3677 (Δ3675–3677) and the spike gene at amino acid positions 69–70 (Δ69–70) occur. (B)
The Nextstrain “global build” (nextstrain.org/ncov/global) accessed on January 22, 2021 showing the phylogenetic representation of 4,046 SARS-CoV-2 genomes colored
by the presence of deletions at amino acid positions ORF1a 3575–3677 and spike 69–70. (C–F) Zooms of large SARS-CoV-2 clades, which include the VOC B.1.1.7,
B.1.351, and P.1, containing 1 or both deletions. A list of SARS-CoV-2 genomes used in the analysis is available in S1 Data. SAU : AbbreviationlistshavebeencompiledforthoseusedthroughoutFigs1and2andTable1:Pleaseverifythatallentriesarecorrect:RS-CoV-2, Severe Acute R spiratory
Syndrome Coronavirus 2; SGTF, spike gene target failure; VOC, variants of concern.
https://doi.org/10.1371/journal.pbio.3001236.g001
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fully evaluate the designed primer and probe sets. We tested a 2-fold dilution series from 100
copies/μL to 1 copy/μL for both RNA controls in triplicate (Table 1). Using the Wuhan-Hu-1
RNA, we found similar detection (within 1 Ct) across all 3 N1, ORF1a, and spike targets, and
all 3 could detect virus RNA at our lowest concentration of 1 copy/μL, indicating that our
primer and probes sets were efficiently designed. Using the B.1.1.7 RNA, we again could detect
the RNA down to 1 copy/μL with the N1 set, but did not detect any concentration of the virus
RNA with the ORF1a and spike sets, confirming the expected “target failure” signature when
testing viruses containing both ORF1a Δ3675–3677 and spike Δ69–70. Overall, our PCR
screening assay could easily differentiate between SARS-CoV-2 RNA with and without the
ORF1a and spike deletions by comparing the Ct values to the N1 control.
Next, we validated our multiplex RT-qPCR variant screening assay using 1,361 known
Coronavirus Disease 2019 (COVID-19) clinical samples that we have previously sequenced in
our laboratories in the US, Brazil, and South Africa (Fig 2, S2 Data). We tested 481 samples
from SARS-CoV-2 lineages without either ORF1a Δ3675–3677 and spike Δ69–70 (classified as
“other” lineage), 606 samples with both ORF1a Δ3675–3677 and spike Δ69–70 deletions, 227
samples with only the ORF1a Δ3675–3677 deletion, and 47 samples with only the spike Δ69–
70 deletion. Of the samples without both deletions (expected outcome = detection with all 3
primer/probe sets), 1.2% (6/481) were P.2 (variants of interest [VOI]), 2.1% (10/481) were
B.1.427 (VOC), 4.2% (20/481) were B.1.429 (VOC), and 92.5% (445/481) were other lineages
not of current interest (Fig 2A). Of the samples with both ORF1a Δ3675–3677 and spike Δ69–
70 deletions (expected outcome = target failure with both the ORF1a and spike sets), 98.2%
(595/606) were B.1.1.7 (VOC), 1.3% (8/606) were B.1.525 (VOI), and 0.5% (3/606) were other
lineages not of current interest (Fig 2B). Of the samples with ORF1a Δ3675–3677, 11.5% (26/
227) were B.1.351 (VOC), 9.3% (21/227) were P.1 (VOC), 70.9% (161/227) were B.1.526 (VOI;
includes B.1.526.1 and B.1.526.2), and 8.4% (19/227) were other lineages not of current interest
Table 1. Analytical sensitivity of the multiplexed RT-qPCR assay to screen for VOC using primer/probe sets targeting key deletions.
RNA Concentration N1-FAM ORF1a-Cy5 Spike-HEX
Wuhan-Hu-1 100 copies/μL 30.4 30.5 30.4 31.1 31.2 31.1 30.8 30.8 30.9
50 copies/μL 31.5 31.5 31.4 32.1 32.1 32.0 31.9 31.6 31.7
25 copies/μL 32.3 32.7 32.7 33.0 33.1 33.2 32.8 32.8 33.0
12 copies/μL 33.3 33.7 33.3 34.1 34.2 34.2 34.0 33.6 34.1
6 copies/μL 34.5 34.3 34.9 35.1 35.2 35.4 35.1 34.3 35.6
3 copies/μL 35.0 37.0 36.1 35.6 36.6 36.8 35.4 36.1 35.8
1 copy/μL 37.0 37.0 35.7 37.2 36.7 37.0 36.4 36.4 36.3
B.1.1.7 100 copies/μL 29.1 29.2 29.2 ND ND ND ND ND ND
50 copies/μL 30.1 30.2 30.2 ND ND ND ND ND ND
25 copies/μL 31.1 31.2 31.2 ND ND ND ND ND ND
12 copies/μL 32.5 32.2 32.1 ND ND ND ND ND ND
6 copies/μL 33.0 33.2 33.1 ND ND ND ND ND ND
3 copies/μL 33.7 34.6 34.0 ND ND ND ND ND ND
1 copy/μL 35.0 35.2 35.3 ND ND ND ND ND ND
Listed are Ct values for the 3 primer–probe sets targeting the SARS-CoV-2 nucleocapsid (N1-FAM), ORF1a 3675–3766 deletion (ORF1a-Cy5), and spike 69–70 deletion
(Spike-HEX). Two-fold dilutions of synthetic control RNA (Wuhan-Hu-1 and B.1.1.7) were tested in triplicate.
Wuhan-Hu-1 = Twist synthetic RNA control 2; B.1.1.7 = Twist synthetic RNA control 14; N1-FAM = CDC N1 primer–probe set targeting the nucleocapsid with FAM
fluorophore [15]; ORF1a-Cy5 = Yale primer–probe set targeting the ORF1a gene 3675–3677 deletion with Cy5 fluorophore [17]; Spike-HEX = Yale primer–probe set
targeting the spike gene 69–70 deletion with HEX fluorophore [17].
CT, cycle threshold; RT-qPCR, reverse transcription quantitative PCR; VOC, variants of concern.
https://doi.org/10.1371/journal.pbio.3001236.t001
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(Fig 2C). Of the samples with only the spike Δ69–70 deletion, 87.2% (41/47) were B.1.375, and
12.8% (6/47) were other lineages not of current interest (Fig 2D). Importantly, unlike the Taq-
Path assay SGTF results, we could differentiate between B.1.1.7 and other variants that only
have the spike deletion, such as B.1.375 that is not currently a VOC/VOI.
Fig 2. ORF1a and spike target failure used to differentiate between SARS-CoV-2 VOC B.1.1.7, B.1.351, P.1, and other lineages currently not of concern. (A)
Lineages (including B.1.427 and B.1.429) without target failure are detected by all 3 targets of the multiplex RT-qPCR assay. (B) Double target failure indicates the
presence of the ORF1a Δ3675–3677 and spike Δ69–70 deletions and can be used to identify potential B.1.1.7 variants. (C) ORF1a target failure indicates the presence of
the ORF1a Δ3675–3677 deletion, present in B.1.351 and P.1 VOC. (D) Spike target failure indicates presence of the spike Δ69–70 deletion, which is present in various
lineages, including B.1.375. Shown are the Ct values for the N1, ORF1a, and spike primer–probe sets, with lines connecting Ct values obtained with the 3 sets for the
same specimen. The dotted line indicates the limit of detection. Data used to make this figure can be found in S2 Data. Ct, cycle threshold; RT-qPCR, reverse
transcription quantitative PCR; SARS-CoV-2, Severe Acute Respiratory Syndrome Coronavirus 2; VOC, variants of concern; VOI, variants of interest.
https://doi.org/10.1371/journal.pbio.3001236.g002
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When splitting up our findings by country, we tested a total of 1,290 samples from the US,
23 from Brazil, and 48 from South Africa. Within the US, the majority of samples were from
Connecticut, Illinois, New Jersey, and New York. Of the samples without target failure, 2.2%
(10/451) were B.1.427 (VOC), 4.4% (20/451) were B.1.429 (VOC), and 93.3% (421/451) were
other lineages not of current interest. Of the samples with double target failure, 98.2% (595/
606) were B.1.1.7 (VOC), 1.3% (8/606) were B.1.525 (VOI), and 0.5% (3/606) were other line-
ages not of current interest. Of the samples with ORF1a target failure, 1.1% (2/186) were
B.1.351 (VOC), 2.7% (5/186) were P.1 (VOC), 86.6% (161/186) were B.1.526 (VOI; includes
B.1.526.1 and B.1.526.2), and 9.7% (18/186) were other lineages. Of the samples with spike tar-
get failure, 87.2% (41/47) were B.1.375, and 12.8% (6/47) were other lineages. Thus, if we used
ORF1a target failure (with or without spike target failure) to identify high priority samples for
sequencing, we would have confirmed 100% of the B.1.1.7, B.1.351, and P.1 samples in the US.
In addition, we would have detected 2 new VOI (B.1.525 and B.1.526, both containing the
E484K mutation) [18] while triaging 34.9% (451/1,290) of the samples.
In Brazil, we tested samples from the cities of São Paulo and Manaus. Of the samples with-
out target failure, 85.7% (6/7) were P.2 (VOI), and 14.3% (1/7) were other lineages. Of the sam-
ples with ORF1a target failure, 100% (16/16) were P.1 (VOC). Within South Africa, samples
were tested from the KwaZulu-Natal Province. Of the samples without target failure, 100%
(23/23) samples belonged to other lineages. Of the samples with ORF1a target failure, 96% (24/
25) were B.1.351 (VOC), and 4% (1/25) belonged to other lineages. Thus, our clinical results
demonstrate how our multiplex RT-qPCR assay can detect potential SARS-CoV-2 VOC and/
or VOI from a variety of settings to prioritize samples for sequencing.
Discussion
The rapid emergence of the SARS-CoV-2 VOC necessitates an immediate roll out of surveil-
lance tools. Although whole genome sequencing is required to definitively identify specific var-
iants, resource and capacity constraints can limit the number of samples that can be
sequenced. The Thermo Fisher TaqPath assay has demonstrated the value of PCR for variant
surveillance, but it is limited to B.1.1.7 and cannot differentiate between other viruses contain-
ing spike Δ69–70. By targeting 2 different large nucleotide deletions, ORF1a Δ3675–3677 and
spike Δ69–70, we demonstrate that our multiplex PCR can rapidly screen for B.1.1.7, B.1.351,
and P.1 variants, detect other VOI, and differentiate between most non-VOC. Thus, our multi-
plex RT-qPCR variant screening assay can be used to prioritize samples for sequencing and as
a surveillance tool to help monitor the distribution and population frequency of suspected
variants.
There are some limitations to our study as presented here. First, we initially observed auto-
fluorescence of the N1 primer–probe set when testing negative template controls. By lowering
the N1 primers and probe concentrations to 200 nM and 100 nM per reaction, respectively, we
have reduced autofluorescence to levels above our threshold of Ct 35 (autofluorescence
detected in 3/48 reactions with average Ct 39.6). Importantly, this PCR assay should only be
used to screen known SARS-CoV-2 positive clinical samples for the presence of key deletions
found in VOC (where autofluorescence will not be a factor), and it should not be used as a pri-
mary clinical diagnostic. We also suggest using a N1 threshold Ct of 30 to 35 for calling target
failures in the ORF1a and spike sets and performing whole genome sequencing to confirm the
identity of variants. For instance, the threshold for the system used in Brazil was lowered to Ct
30 as there did not seem to be consistent detection of all 3 sets above that threshold. Thus, the
threshold may differ between used RT-qPCR kits and instruments and needs to be determined
by individual laboratories.
PLOS BIOLOGY SARS-CoV-2 variant PCR
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Second, our assay will not be 100% sensitive and/or specific to all VOC or VOI, especially
given the rapid emergence of new mutations and variants. For instance, we detected other
recently emerged virus lineages with double target failure (notably B.1.525) and ORF1a target
failure (notably B.1.526), which are not currently VOC. B.1.525 and B.1.526, however, are rec-
ognized as VOI as some contain the E484K and other key spike mutations that require further
evaluation of their implications for transmissibility and immune escape [18]. Moreover,
B.1.427 and B.1.429 (no gene target failure) have been recognized as VOC since the initial
development of our assay [19], but neither cause ORF1a or spike target failures. Lastly, there is
a monophyletic clade within the B.1.351 lineage that has ORF1a Δ3675–3677 filled back in,
perhaps due to recombination with viruses that did not have the deletion. Depending on
changing scenarios, presence as well as absence of the ORF1a and spike deletions can both be
used to target for potential VOC or VOI, or to estimate their frequencies over time. Thus,
these examples demonstrate that continuous monitoring of the lineages that contain the




United States. The Institutional Review Board (IAU : PleasenotethattheabbreviationIRBhasbeenintroducedforInstitutionalReviewBoardinthesentenceTheInstitutionalReviewBoardðIRBÞfromthe::::Pleasecheckandcorrectifnecessary:RB) from the Yale University Human
Research Protection Program determined that the RT-qPCR testing and sequencing of de-
identified remnant COVID-19 clinical samples conducted in this study is not research involv-
ing human patientsAU : PleasenotethatasperPLOSstyle; thewordsubjectsshouldnotbeusedforhumanpatients:Hence; subjectshasbeenreplacedwithpatientsinthesentenceTheInstitutionalReviewBoardðIRBÞfromthe::::Pleasecheckandcorrectifnecessary:(IRB rotocol ID: 2000028599).
Brazil. Sample collection and genetic characterization were approved under the Brazilian
National IRB (CONEP) CAAE 30101720.1.0000.0068.
South Africa. We used de-identified remnant nasopharyngeal and oropharyngeal swab
samples from patients testing positive for SARS-CoV-2 by RT-qPCR from public health and
private medical diagnostics laboratories in South Africa. The project was approved by Univer-
sity of KwaZulu-Natal Biomedical Research Ethics Committee (protocol reference no. BREC/
00001195/2020; project title: COVID-19 transmission and natural history in KwaZulu-Natal,
South Africa: epidemiological investigation to guide prevention and clinical care). Individual
participant consent was not required for the genomic surveillance. This requirement was
waived by the research ethics committees.
The sample IDs displayed in S2 Data are not known outside the research groups and can-
not be used to reidentify any subject.
Analysis of public SARS-CoV-2 genomes
All available SARS-CoV-2 data (402,899 genomes) were downloaded on January 22, 2021
from GISAID and evaluated for the presence of ORF1a Δ3675–3677 and spike Δ69–70. Phylo-
genetic analysis of a subset of 4,046 SARS-CoV-2 genomes was performed using Nextstrain
[14], downsampled as shown using the “global build” on January 22, 2021 (https://nextstrain.
org/ncov/global). A list of SARS-CoV-2 genomes used in the analysis is available in S1 Data.
Multiplex RT-qPCR with probes
A detailed protocol of our multiplexed RT-qPCR to screen for SARS-COV-2 B.1.1.7, B.1.351,
and P.1 VOC can be found on protocols.io [17]. In brief, our multiplex RT-qPCR assay con-
sists of the CDC N1 [15] and the newly designed ORF1a Δ3675–3677 and spike Δ69–70
primer–probe sets (S2 Table). We used the NEB Luna universal probe 1-Step RT-qPCR kit
PLOS BIOLOGY SARS-CoV-2 variant PCR
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with 200 nM of N1 primers, 100 nM of N1 probe, 400 nM of the ORF1a and spike primers,
200 nM of ORF1a and spike probes, and 5 μL of nucleic acid in a total reaction volume of
20 μL. Thermocycler conditions were reverse transcription for 10 minutes at 55˚C, initial
denaturation for 1 minute at 95˚C, followed by 40 cycles of 10 seconds at 95˚C and 30 seconds
at 55˚C. During initial validation, we ran the PCR for 45 cycles. Differentiation between VOC
is based on target failure of the ORF1a and/or spike primer–probe sets (S3 Table).
Limit of detection
We used Twist synthetic SARS-CoV-2 RNA controls 2 (GenBank ID: MN908947.3; GISAID
ID: Wuhan-Hu-1) and control 14 (GenBank ID: EPI_ISL_710528; GISAID ID: England/
205041766/2020) to determine the limit of detection of the screening RT-qPCR assay. We
tested a 2-fold dilution series from 100 copies/μL to 1 copy/μL for both RNA controls in tripli-
cate and confirmed that the lowest concentration that was detected in all 3 replicates by 20
additional replicates.
Validation and sequence confirmation
United States. We validated our approach using known SARS-CoV-2 positive clinical
samples. Briefly, we extracted nucleic acid from 300 μL viral transport medium from nasopha-
ryngeal swabs and eluted in 75 μL using the MagMAX viral/pathogen nucleic acid isolation kit
(TAU : PleaseprovidethemanufacturerlocationforThermoFisherScientificinthesentenceBriefly;weextractednucleicacidfrom::::hermo Fish r Scientific, Waltham, MA, United States). Extracted nucleic acid was tested by
our multiplexed RT-qPCR assay and then sequenced using the Illumina COVIDSeq Test RUO
version for the NovaSeq (paired-end 150), or using a slightly modified ARTIC Network
nCoV-2019 sequencing protocol for the Oxford Nanopore MinION [20,21]. These modifica-
tions include extending incubation periods of ligation reactions and including a bead-based
clean-up step following dA-tailing. MinION sequencing runs were monitored using RAM-
PART [22]. Consensus sequences were generated using the ARTIC Network bioinformatics
pipeline and lineages were assigned using Pangolin v.2.0 [23,24]. GISAID accession numbers
for all SARS-CoV-2 genomes used to validate our approach are listed in S2 Data.
Brazil. To validate the detection of the P.1 lineage, we selected 23 samples (16 P.1 and 7
others) that had been sequenced using the ARTIC protocol on the MinION sequencing plat-
form, as previously described [12,25]. In brief, viral RNA was isolated from RT-PCR positive
samples using QIAamp Viral RNA Mini kit (Qiagen, Hilden, GermanyAU : PleaseprovidethemanufacturerlocationforQiageninthesentenceInbrief ; viralRNAwasisolatedfrom::::), following the manu-
facturer’s instructions. cDNA was synthesized with random hexamers and the Protoscript II
First Strand cDNA synthesis Kit (NAU : PleaseprovidethemanufacturerlocationforNewEnglandBiolabsinthesentencecDNAwassynthesizedwith::::ew Eng and Bi labs, Ipswich, MA, United States).
Whole genome multiplex-PCR amplification was then conducted using the ARTIC network
SARS-CoV-2 V3 primer scheme with the Q5 High-Fidelity DNA polymerase (New England
Biolabs). Multiplex-PCR products were purified by using AmpureXP beads (Beckman Coulter,
Brea, CA, United StatesAU : PleaseprovidethemanufacturerlocationforBeckmanCoulterinthesentenceMultiplex   PCRproductswerepurified::::), and qu ntificat on was carried out using the Qubit dsDNA High Sen-
sitivity assay on the Qubit 3.0 (LAU : PleaseprovidethemanufacturerlocationforLifeTechnologiesinthesentenceMultiplex   PCRproductswerepurified::::ife Technologies, Carlsbad, CA, United S ates). Samples were
then normalized in an equimolar proportion of 10 ng per sample. After end repair and dA tail-
ing, DNA fragments were barcoded using the EXP-NBD104 (1–12) and EXP-NBD114 (13–24)
Native Barcoding Kits (Oxford Nanopore TechnologieAU : PleaseprovidethemanufacturerlocationforOxfordNanoporeTechnologiesinthesentenceSampleswerethennormalizedinan::::s, Oxford, United Kingdom). Barcoded
samples were pooled together and sequencing adapter ligation was performed using the
SQK-LSK 109 Kit (Oxford Nanopore Technologies). Sequencing libraries were loaded onto an
R9.4.1 flow-cell (Oxford NanoporeTechnologies) and sequenced using MinKNOW version
20.10.3 (Oxford Nanopore Technologies). We tested RNA from sequenced samples with the
multiplex RT-qPCR as described above using the AAU : PleaseprovidethemanufacturernameandlocationforAppliedBiosystems7500real   timePCRmachineinthesentenceWetestedRNAfromsequencedsamples::::pplied Bio ystems 7500 real-time PCR
machine (Thermo Fisher Scientific) and a lowered threshold of Ct 30.
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South Africa. We extracted nucleic acid using the Chemagic 360 (PerkinElmer, Waltham,
MA, United StatesAU : PleaseprovidethemanufacturerlocationforPerkinElmerinthesentenceWeextractednucleicacidusing::::). Briefly, 200 μl of viral transport medium from each swab sample was
extracted and eluted in 100 μl using the Viral NA/gDNA kit. Complementary DNA (cDNA)
synthesis, PCR, whole genome sequencing, and genome assembly was done as previously
described in detail using the ARCTIC protocol [11,20]. Out of the sequenced samples, we
selected 24 B.1.351 samples and 24 samples belonging to other lineages to validate the RT-
qPCR assay. We adapted the protocol by using the TaqPath 1-Step multiplex master mix
(Thermo Fisher Scientific) with 5 μl of extracted nucleic acid in a total reaction volume of
20 μl. Samples were amplified using the QuantStudio 7 Flex Real-Time PCR System using the
following PCR conditions: AU : PleasedefinedUNGinthesentenceSampleswereamplifiedusingthe:::ifapplicable=appropriateandaddtothemainabbreviationlist:Uracil-N-glycosylase (UNG) incubation for 2 minutes at 25˚C,
reverse transcription for 15 minutes at 50˚C, polymerase activation for 2 minutes at 95˚C, fol-
lowed by 40 cycles of amplification at 95˚C for 3 seconds and 55˚C for 30 seconds.
Supporting informationAU : AbbreviationlistshavebeencompiledforthoseusedthroughoutSupportinginformationcaptions:Pleaseverifythatallentriesarecorrect:
S1 Table. Summary of SARS-CoV-2 genomes with the ORF1a 3675–3677 and/or Spike 69–
70 deletions (GISAID on January 21, 2020). SARS-CoV-2, Severe Acute Respiratory Syn-
drome Coronavirus 2.
(DOCX)
S2 Table. Primers and probes used in the multiplexed RT-qPCR variant screening assay.
RT-qPCR, reverse transcription quantitative PCR.
(DOCX)
S3 Table. Interpretation of results from the multiplexed RT-qPCR variant screening assay.
RT-qPCR, reverse transcription quantitative PCR.
(DOCX)
S1 Data. Underlying data for Fig 1.
(XLSX)
S2 Data. Underlying data for Fig 2.
(XLSX)
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24. Rambaut A, Holmes EC, O’Toole Á, Hill V, McCrone JT, Ruis C, et al. A dynamic nomenclature pro-
posal for SARS-CoV-2 lineages to assist genomic epidemiology. Nat Microbiol. 2020; 5:1403–7. https://
doi.org/10.1038/s41564-020-0770-5 PMID: 32669681
25. Tyson JR, Phillip J, Stoddart D, Sparks N, Wickenhagen A, Hall G, et al. Improvements to the ARTIC
multiplex PCR method for SARS-CoV-2 genome sequencing using nanopore. Cold Spring Harb Labo-
ratory. 2020. https://doi.org/10.1101/2020.09.04.283077 PMID: 32908977
PLOS BIOLOGY SARS-CoV-2 variant PCR
PLOS Biology | https://doi.org/10.1371/journal.pbio.3001236 May 7, 2021 12 / 12
